Red blood cells (RBCs) possess methemoglobin reductase activity that counters the ongoing oxidation of hemoglobin (Hb) to methemoglobin (metHb), which in circulating blood is caused by Hb autoxidation or reactions with nitrite. We describe an assay for determining metHb reductase activity in intact RBCs in physiological saline at normal Pco2 and pH. After initial loading of oxygenated RBCs with nitrite (partly oxidizing Hb to metHb), the nitrite is removed by three washes of the RBCs in nitrite-free physiological saline to enable the detection of RBC metHb reductase activity in the absence of counteracting oxidation. This assay was used to compare metHb reduction in rainbow trout and carp RBCs under both oxygenated and deoxygenated conditions.
Introduction
Methemoglobin (metHb) is hemoglobin (Hb) with heme irons oxidized from the ferro (Fe 2+ ) to the ferri (Fe 3+ ) state, which prevents the heme groups binding oxygen. There is a continuous formation of small amounts of metHb in circulating blood through autoxidation of Hb (Jaffé, 1981; Wallace et al., 1982) . Inside red blood cells (RBCs), metHb is also produced when nitrite (NO2 -) reacts with either deoxygenenated or oxygenated Hb. As metHb cannot bind and transport oxygen, it is essential that RBCs can reduce metHb back to functional Hb. This occurs primarily via a NADHdependent methemoglobin reductase, also termed cytochrome b5 reductase, while metHb reduction via NADPH metHb reductase and gluthatione is generally of minor importance (Jaffé, 1981; Mansouri and Lurie, 1993) . Cytochome b5 reductase catalyses the transfer of electrons from NADH to the heme in cytochome b5 and then further to the ferric heme in metHb, resulting in reduced Hb (Mansouri and Lurie, 1993; Elahian et al., 2014) . In anucleated mammalian erythrocytes, cytochome b5 reductase exists as a soluble isoform (Elahian et al., 2014) , while the metHb reductase is membrane-bound in nucleated fish erythrocytes (Scott and Harrington, 1985; Saleh and McConkey, 2012) . Under normal conditions, the enzymatic reduction of metHb maintain metHb levels below 1% of total Hb in the circulating blood of mammals and fish (Power et al., 2007; Jensen, 2007) .
Nitrite is naturally produced inside organisms as an oxidative metabolite of the signaling molecule nitric oxide (NO), and nitrite is therefore present at low concentrations, typically in the high nanomolar to low micromolar range (Kleinbongard et al., 2003; Jensen, 2009; Fago and Jensen, 2015) . In freshwater fish much higher concentrations can develop in nitrite-contaminated water, when nitrite is actively taken up across the gills (Jensen, 2003) . Nitrite rapidly enters RBCs from the plasma via the erythrocyte anion exchanger AE1 and via HNO2 diffusion (Jensen and Rohde, 2010) , and subsequently reacts with Hb. The reaction between nitrite and oxygenated Hb (oxyHb) leads to metHb formation but also converts nitrite to non-hazardous nitrate, whereby the reaction can be considered a nitrite detoxification mechanism, if the erythrocyte metHb reductase activity can keep pace with metHb formation (Doblander and Lackner, 1997; Jensen, 2003) . In the reaction with deoxygenated Hb (deoxyHb), nitrite is reduced to NO while Hb is oxidised to metHb, making deoxyHb a nitrite reductase (Cosby et al., 2003; Gladwin and Kim-Shapiro, 2008 ). This provides a mechanism for NO generation from nitrite in hypoxia, where nitric oxide synthases have reduced activity due to the lack of O2, and this NO formation seems to be of physiological importance in e.g. hypoxic vasodilation (Cosby et al., 2003; Fago and Jensen, 2015) . Again, the reaction between nitrite and deoxyHb needs not compromise O2 transport, if the produced metHb is reduced back to functional Hb by metHb reductase activity. Hypoxia-tolerant species that normally encounter O2 shortage have developed Hbs with higher nitrite reductase activity than non-tolerant
species . It is therefore of interest to evaluate, whether the increased capacity for NO formation from nitrite, which entails increased rates of metHb formation, is parallelled by increased erythrocyte metHb reductase activity in hypoxia-tolerant species.
There is only limited information on metHb reduction in RBCs from fish, and the topic has mainly been studied by evaluating metHb reduction in special assays on hemolysates with added cofactors (e.g. NADH) and alternative substrates (e.g. ferricyanide) (Scott and Harrington, 1985; Mohr et al., 1986; Saleh and McConkey, 2012; McConkey et al., 2013) . This provides valuable insight into metHb reduction under assay conditions but may not necessarily reflect the capacity for metHb reduction in circulating blood. A recent study reported a procedure for studying metHb reduction in mammalian blood by first oxidizing Hb to metHb with nitrite and then adding CO (that binds to unoxidized heme) to stop further nitrite-induced heme oxidation, allowing registration of metHb reductase activity from the subsequent time-dependent decline in metHb (Power et al., 2007) . This decline in metHb was exponential (i.e. linear in a semilogarithmic plot), whereby the metHb reduction activity could be characterized from the first-order decay rate constant, k (Power et al., 2007) . We developed a procedure on intact fish red blood cells, in which erythrocyte Hb was first partially oxidized via nitrite addition, whereafter further nitrite-induced oxidation was eliminated by washing the RBCs with physiological saline. Based on the rapid equilibration and transport of nitrite across the RBC membrane (Jensen and Rohde, 2010) , this washing should effectively remove nitrite from the RBCs, as we verified from wash-out curves for nitrite. We used the technique to evaluate metHb reductase activity in intact erythrocytes from the hypoxia-tolerant carp (Cyprinus carpio) and the hypoxia-intolerant rainbow trout (Oncorhynchus mykiss) under both oxygenated and deoxygenated conditions. Additionally, we evaluated the temperature sensitivity of metHb reduction in rainbow trout RBCs, because the temperature dependency of the enzymatic mechanism is of central importance for ectothermic animals, where body temperature varies with environmental temperature.
Materials and methods

Animals and blood sampling
Adult rainbow trout (Oncorhynchus mykiss) and carp (Cyprinus carpio) were kept in separate 3 m 3 tanks and acclimated to aerated and biofiltered freshwater at 15 ˚C and a 12h:12h light:dark cycle.
The fish were fed with commercial fish pellets (Inicio, Biomar, Denmark). Fish were individually netted and anesthetized in water with 100 mg l -1 MS222 (Ethyl 3-aminobenzoate methanesulfonate;
Sigma-Aldrich, Steinheim, Germany). A blood sample was drawn from the caudal vessels with a heparinized syringe. Fish were euthanized by cutting the spinal cord. Procedures were in accordance with Danish laws of animal experimentation.
Experimental protocol
Freshly drawn whole blood was centrifuged and plasma and buffy coat were removed. The RBCs were washed three times with cold species-specific albumin-containing physiological saline. For rainbow trout, the saline composition was: 150 mM NaCl, 2.5 mM KH2PO4, 1 mM MgSO4, 2 mM CaCl2, 10 mM NaHCO3, 6 mM D-glucose and 14 mg/ml albumin (bovine serum albumin; Sigma-Aldrich). For carp, the saline composition was: 132 mM NaCl, 2.2 mM KH2PO4, 1 mM MgSO4, 2 mM CaCl2, 12 mM NaHCO3, 6 mM D-glucose and 14 mg/ml albumin. The presence of albumin in the saline effectively avoided hemolysis of the RBCs ). The RBCs were resuspended in the species-specific saline at a hematocrit (Hct) of approximately 20%. A pipetted amount of RBC suspension (typically 5 ml) was transferred to a shaking glass tonometer (tonometer A), and an additional glass tonometer (tonometer B) was filled with 10 ml of the saline.
The two tonometers were thermostatted at 25°C and received a humidified gas mixture of CO2 (0.2% for trout and 0.4% for carp) and air to equilibrate both the RBC suspension and the saline to physiological Pco2 at high Po2 (~150 mmHg), which ensured oxygenation of the RBCs. After 40 min of equilibration, a 100 µl sample was pipetted from the RBC suspension for measurements of Hct and Hb derivatives. The Hct value was used to calculate the total volume of extracellular fluid in the RBC suspension [(100-Hct) × volume of RBC suspension]. Nitrite was then added to tonometer A from a 140 mM NaNO2 stock solution to induce metHb formation in the oxygenated RBCs. Due to species differences in erythrocyte nitrite uptake and reaction rates between nitrite and oxyHb (Jensen and Rohde, 2010) , nitrite was added to an extracellular nitrite concentration of 3 mM in experiments with trout RBCs and to 7 mM in experiments with carp RBC, which typically resulted in metHb levels around 20% of total Hb within some 30 min.
Following nitrite addition, samples were drawn from tonometer A to follow the rise in metHb content with time. When the metHb level had surpassed 20% of total [Hb], the RBC suspension was transferred from tonometer A into two Eppendorf tubes that were filled to the top (~1.7 ml) and
closed with the lid to maintain the equilibration. The tubes were centrifuged (12000 rpm for 2 min), and the supernatants removed (wash 0) and replaced with an equal volume of equilibrated nitritefree saline from tonometer B, whereupon the lids were closed. The RBCs were re-suspended with a vortex mixer and allowed to stand for 1 min, allowing intracellular nitrite to diffuse out and establish a new nitrite equilibration across the RBC membrane (wash 1). The procedure of centrifugation and re-suspension in nitrite-free saline was repeated (wash 2). The removed supernatants (wash 0, wash 1 and wash 2) were frozen in liquid N2 for later determination of nitrite.
Following the final (third) centrifugation, the RBCs were re-suspended in equilibrated saline (equivalent to wash 3) and transferred to two clean tonometers in the tonometer set-up (defined as
time zero). Tonometer A continued to receive the gas mixture of CO2 and air, while tonometer B received a mixture of CO2 (0.2% for trout and 0.4% for carp) and N2 to deoxygenate the RBCs.
This allowed the parallel assessment of the decline in metHb content with time (resulting from metHb reductase activity) in both oxygenated and deoxygenated RBCs. Samples were drawn at specified times for measurements of Hb derivatives and Hct. Sampling started at 5 min from the oxygenated tonometer and at 15 min from the deoxygenated tonometer, and sampling was typically continued for 2 -3 hours. At the end of the experiment, pH was measured, and the remaining RBC suspension was centrifuged and the supernatant frozen for later measurement of lactate.
In order to evaluate the influence of temperature on metHb reduction, a series of experiments were conducted on oxygenated rainbow trout RBCs at 15 °C (instead of 25 °C used in the other experiments).
Measurements
For analysis of Hb derivatives, 20 µl of RBC suspension was vortexed/hemolyzed in 1.2 ml of 20 mmol l -1 phosphate buffer with pH 7.3. Following centrifugation, a spectral scan from 480 to 700 nm was made on the hemolysate (Cecil CE2041 spectrophotometer, Cambridge, UK). The concentrations of metHb, oxyHb, deoxyHb and nitrosyl-Hb (HbNO) were evaluated by spectral deconvolution, using least-squares curve fitting and species-specific reference spectra of the four Hb derivatives (Jensen, 2007) . Hct was measured by centrifugation (2 min at 13,700 g) in glass
capillaries. Nitrite was assessed by reductive chemiluminescence, using a Sievers (Boulder, CO, USA) nitric oxide analyzer model NOA 280i (Hansen and Jensen, 2010) . Lactate was determined by the lactate dehydrogenase enzymatic method (Hansen and Jensen, 2010 
Statistics (Calculations and statistics)
Data are presented as decay curves for individual experiments and as means ± s.e.m. Statistical significance was assessed by two-way and one-way ANOVA as appropriate.
Results
Nitrite was added to the RBC suspensions to induce metHb formation, where after the cells were washed three times with nitrite-free physiological saline to remove nitrite and enable registration of erythrocyte metHb reduction in the absence of counteracting nitrite-induced Hb oxidation. The applied washing procedure (cf. materials and methods) resulted in an effective wash-out of nitrite, so that [nitrite] decreased to 2 µM (trout experiments) and 5 µM (carp experiments) after the third wash (Fig. 1) . These values were 1500 times lower than the added concentration and considered safe for the experiments (cf. discussion).
Following the washing procedure, the metHb content of oxygenated rainbow trout RBCs showed a first order exponential decay, as revealed by linear relationships between log[metHb] and time in all individual experiments ( Fig. 2A) . Furthermore, the slopes were similar for initial metHb values ranging between 12% and 40% ( Fig. 2A) . Deoxygenation of the RBCs sped up the rate of metHb reduction, increasing the negative slope of the log[metHb] versus time relationship (Fig. 2B) . In carp RBCs, there also was a clear linear relationship between log[metHb] and time, but the negative slopes appeared more variable than in rainbow trout (Fig. 3 ). Carp RBCs also showed an increased rate of metHb reduction following deoxygenation (Fig. 3B ).
The linear relationship between log[metHb] and time allowed characterization of erythrocyte metHb reductase activity via the first order rate constant k [calculated as -slope/log(e)]. The k values (min -1 ) at 25 °C for oxygenated and deoxygenated RBCs from rainbow trout and carp are shown in Figure 4 . A two-way ANOVA on the data showed that there were no significant difference in k values between the two species (P = 0.6) whereas there was a highly significant influence (P = 2.4 × 10 -6 ) of oxygenation degree. Furthermore there was interaction between species and oxygenation degree (P = 0.02), as reflected by the larger increase in k upon deoxygenation in rainbow trout than in carp (Fig. 4) . Absolute k values for oxygenated RBCs were 0.00811 ± 0.00034 min -1 in trout and 0.01349 ± 0.00216 min -1 in carp, and for deoxygenated RBCs the k values were 0.03256 ± 0.00276 min -1 in trout and 0.02449 ± 0.00513 min -1 in carp.
There were no significant differences in extracellular pH between trout and carp RBC suspensions at the end of experiments, but deoxygenation tended to lower pH (Fig. 5A ). This correlated with a significantly higher [lactate] in experiments on deoxygenated RBCs (Fig. 5B ).
Two-way ANOVA revealed a significant difference in [lactate] with species (P = 0.0038) and with oxygenation degree (P = 8.799× 10 -7 ). There was significant interaction between the two factors (P = 0.00196), as the increase in lactate with deoxygenation was higher in rainbow trout than in carp ( Fig. 5B) .
At 15 °C, oxygenated rainbow trout RBC suspensions showed linear relationships between log[metHb] and time, and the slopes were similar for initial metHb values ranging between 12% and 40% (Fig. 6A) , as was the case at 25 °C ( Fig. 2A) . The negative slopes were; however, considerably lower at 15 °C than at 25 °C, reflecting a significant (P = 1.87× 10 -6 ) decrease in metHb reductase activity with temperature decrease. When the k values at the two temperatures were plotted on a logarithmic scale versus the inverse absolute temperature (Arrhenius plot), the activation energy (Ea) calculated as 73.5 kJ/mol and the Q10 value for metHb reduction was 2.8 ( Fig. 6B) .
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Discussion
Methodology
We developed a procedure for studying metHb reduction in intact RBCs, where part of the cellular Hb is first oxidized to metHb by nitrite addition, where after surplus nitrite is washed away to enable the registration of cellular metHb reduction in the absence of counteracting nitrite-induced oxidation. Notably, the washing was done with physiological saline that was equilibrated to the same Pco2 as the RBC suspension, and the centrifugations were done with fully filled and closed Eppendorf tubes to avoid diffusive CO2 loss and thereby keep the Pco2/pH equilibration. It is likewise important that the initial nitrite loading was done with oxygenated RBCs, as the reaction of nitrite with oxyHb produces only metHb (and nitrate). If deoxygenated RBCs had been used, then the reaction of nitrite with deoxyHb would produce metHb and HbNO in equal amounts (Jensen and Rohde, 2010) , and the formed HbNO would influence metHb reductase activity after washing when studying oxygenated cells, because the release of some of the NO will oxidize oxyHb to metHb, thus countering the metHb reductase activity.
Nitrite was added to higher concentrations in carp experiments than in trout experiments, because the uptake of nitrite and the reaction rate in oxygenated carp RBCs is relatively low (Jensen and Rohde, 2010) . The three washes decreased extracellular nitrite to 2 µM in trout experiments and 5 µM in carp experiments (Fig. 1) . The equilibrium distribution ratio of nitrite across the membrane of oxygenated RBCs is below 1, whereby the intracellular concentrations will be even lower (Jensen and Rohde, 2010) . The final nitrite concentrations are sufficiently low to eliminate any significant Hb oxidation that would oppose cellular metHb reduction. Indeed, while the nitrite concentration is some 2 µM the cellular heme concentration is 10000 times higher (i.e. 20 mM).
The effective and sufficient removal of nitrite by the washing procedure was supported by the absence of HbNO in samples that were deoxygenated after the washing. If significant amounts of nitrite had remained in the RBCs then the reaction of nitrite with deoxygenated heme would produce NO and subsequently HbNO (Jensen and Rohde, 2010) , but this Hb derivative was not detected in either trout or carp RBCs.
Erythrocyte metHb reduction
Following the washing procedure, there was a linear decay in log[metHb] with time in all individual experiments on both species and under all examined conditions (Fig. 2, Fig. 3. Fig. 6A ). Thus, erythrocyte metHb reduction conforms to first-order kinetics and can be characterized via the first order rate constant, which is also the case in mammalian blood (Power et al., 2007) . Further, the values of k obtained under a given condition were similar with initial metHb contents ranging from some 10% to 40% metHb, showing that the rate of metHb reduction was relatively unaffected by the initial metHb concentration. The rate constant k therefore provides an easy obtainable measure of erythrocyte metHb reductase activity that can be used for direct comparisons between species and for evaluating effects of different conditions. The erythrocyte metHb reduction occurs primarily via NADH-dependent metHb reductase (cytochrome b5 reductase), but the value of k will also include the minor contributions from other pathways such as NADPH metHb reductase and gluthathion (Jaffé, 1981; Mansouri and Lurie, 1993) .
We hypothesized that hypoxia-tolerant fish may have higher metHb reductase activity than nontolerant species. While the k value of oxygenated RBCs tended to be larger than in carp than in rainbow trout, there was no significant difference between the species. The k values for metHb reduction in oxygenated erythrocytes at 25 °C were slightly above and below 0.01 min -1 in carp and trout, respectively (Fig. 4) . We have used the present technique in a parallel study on the facultative air-breathing clown knifefish (Chitala ornata), and in this species k values are also close to 0.01 min -1 in oxygenated RBCs at 25 °C (Gam et al., 2017) . These values of k around 0.01 min -1 in oxygenated fish erythrocytes at 25 °C are about double the values reported in intact RBCs of whole blood in adult sheep (0.00552 min -1 ) and humans (0.00427 min -1 ) at their physiological temperatures (39 °C and 37 °C) and pH (Power et al., 2007) . Thus, under the respective physiological conditions, fish RBCs have a higher capability for metHb reduction than mammalian RBCs. The more efficient metHb reductase activity in fish may be an adaptation to the higher autoxidation rates of their Hb (Jensen, 2001 ) and/or their higher likelihood of experiencing elevated nitrite concentrations (Jensen, 2003) . It seems that the metHb reducing power of fish RBCs is plentiful and sufficient to deal with oxidative challenges under normal conditions. It can, however, be insufficient during exposure to elevated ambient nitrite, where nitrite uptake across the gills can lead to increasing internal nitrite levels that force the balance between nitrite-induced oxidation and metHb reduction up towards high metHb levels (Jensen, 2003) . Interestingly, in the clown knifefish, k values for erythrocyte metHb reduction increased in fish that had been exposed to elevated ambient nitrite for some days, showing that erythrocyte metHb reduction can be up-regulated with need (Gam et al., 2017) . This apparently explains why the increase in metHb during environmental nitrite exposure stops after 2 days in this species, where after blood metHb decreases towards lower levels (Gam et al., 2017) . A similar pattern of metHb changes was observed in two other facultative air-breathing freshwater fish during nitrite exposure (Lefevre et al., 2011; , whereas the typical picture in other nitrite-exposed freshwater fish (including rainbow trout and carp) is a gradual and continued increase in metHb levels until critical levels are reached (Jensen, 2003) .
The rate of metHb reduction was significantly increased by deoxygenation of the RBCs (Fig. 4) .
Deoxygenation entails a shift from aerobic metabolism to anaerobic metabolism in nucleated fish
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10 RBCs, as revealed by the rise in lactate (Fig. 5) . One possible explanation for the increase in k upon deoxygenation would be that the NADH supply for metHb reductase is improved by the switch from aerobic to anaerobic metabolism in the fish erythrocytes. One may envisage a stronger direction of NADH produced in glycolysis towards cytochrome b5 reductase rather than the lactate dehydrogenase reaction (converting NADH and pyruvate to NAD and lactate). Both reactions form NAD, which is needed for glycolysis to continue. Such diversion of NADH towards metHb reductase occurs in nitrite-treated mammalian RBCs that are glycolytic under normoxic conditions (Jaffé, 1981) . Another possibility is that the reduction of metHb becomes eased by the change in hemoglobin conformation associated with deoxygenation. Heme groups in the T structure have higher reduction potential than in the R structure (Gladwin and Kim-Shapiro, 2008) , and thus are more likely to receive electrons. While deoxygenated Hb tends to have T structure and oxygenated Hb tends to have R structure, the allosteric equilibrium between the two structures differs between species according to differences in Hb O2 affinity (Perutz, 1990) . Carp Hb has high O2 affinity with an allosteric equilibrium shifted towards the high affinity R state, while rainbow trout Hb has low O2 affinity with the equilibrium shifted more towards the low affinity T state .
Also, partial oxidation of hemes (as at e.g. 20% metHb) shifts the equilibrium towards the R state (Kwiatkowski et al., 1994) . Given these premises, the Hb inside the RBCs will have variable conformation, and deoxygenated rainbow trout RBCs may have Hb with higher T character than carp. Assuming that the T structure eases metHb reduction via cytochrome b5 reductase, this would explain the larger oxygenation effect on k in rainbow trout RBCs (Fig. 4) . The exact explanation for the increase in k with deoxygenation must await further study. In this regard, it would be of interest to perform metHb reduction experiments at various intermediate O2 saturations to evaluate whether k changes gradually with O2 saturation or whether full anaerobic conditions are required to raise k.
Erythrocyte metHb reduction showed high temperature sensitivity in rainbow trout with a Q10 value of 2.8 between 15 °C and 25 °C (Fig. 6B) . The activation energy of 73.5 kJ/mol (Fig. 6B) is double that reported in sheep blood (Power et al., 2007) . The higher Ea in rainbow trout may relate to the fact that cytochrome b5 reductase is mainly membrane-bound in fish RBCs and cytosolic in mammals. As fish are ectothermic, the high temperature sensitivity of RBC metHb reduction appears instrumental for handling the increase in Hb autoxidation with increasing temperature (Jensen, 2001) . 
Figure legends
